Avoiding signaling congestion is a key aspect in location management of cellular networks. The signaling load in this context corresponds to the use of location update and paging messages for tacking user equipments (UEs).
Introduction
Location management is of fundamental importance in cellular communications. In Long Term Evolution (LTE) networks, the tasks are performed by the Mobility Management Entity (MME). The basic concept for tracking user equipments (UEs) is area partitioning. The network is divided into tracking areas (TAs), each consisting of a subset of the cells [1] . Typically, most network-registered UEs are in idle mode, and form the bulk of location management in the network. The network has the knowledge of the location of LTE-idle UEs to the granularity of TA. The MME location register connects each UE with its currently located TA. In the conventional TA scheme, a UE performs a TA update (TAU) when moving across its current TA boundary, by sending an uplink signaling message to the MME. When a call has to be placed to a UE, the MME sends downlink paging signaling messages to the cells inside the UE's current TA, in order to learn the specific cell to which the call should be directed. Although the term TA is LTE-specific, this basic location management scheme is adopted also in other network types, in form of the Location Area (LA) concept in the circuit-switched domain of GSM, and the Routing Area (RA) concept in the packet-switched domain of GPRS and UMTS networks.
In designing the layout of TAs, signaling overheads generated by TAU and paging messages pose a major concern, leading to two types of optimization problems. The first is to minimize the sum (or equivalently the average) of TAU and paging overheads in the network. The second takes a load balancing perspective, with the performance target of reducing congestion, i.e., to avoid heavy amount of signaling overhead in any part of the network caused by many UEs behaving in a similar manner, e.g., massive and simultaneous UE mobility in a train scenario.
The rationale of avoiding signaling congestion is to ensure no significant degradation in the quality of service, which may occur due to resource exhaustion for tracking UEs. In addition to the train scenario, there are several types of mobility patterns that may cause TAU congestion. For example, in densely-populated cities, there is a drastic difference in the mobility between day and night. That a very large number of UEs moving concurrently into a central area (typically early morning of a weekday) may generate excessive signaling around the center [3, 13, 14] . Conversely, heavy paging may occur as a result of massive and close-to-static UEs simultaneously located at some hotspot (e.g., a large stadium).
In this paper, we present an optimization framework for mitigating signaling congestion, based on the use of LTE tracking area lists (TALs) that may contain overlapping TAs. TAL is an LTE-specific concept for location management [2] . Instead of belonging to one TA, a UE can be assigned a list of TAs, referred to as a tracking area list. The UE makes a TAU when it moves into a TA that is not part of the list. Thus, the UE's location is known to the MME to at least the accuracy of the list allocated to that UE.
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Moreover, a cell can assign different TALs to its UEs, and the TALs used by the network may overlap in their TA elements. As the creation and reconfiguration of TALs are supported in the LTE network architecture, the optimization framework we propose is cost-efficient in implementation.
The optimization framework for overlapping TALs can be used for reducing TAU or paging signaling congestion, depending on network configuration and scenario (massive mobility or UE gathering). The flexibility in forming TAs is related to the sizes of its building elements (i.e., TAs). The most flexible setting is that each cell (or site) is considered a TA, and the effect of larger TAs is implemented by TALs [8, 16, 17] . For reducing TAU, this setting is not necessary, as overlapping TALs can be created and applied to any given TA layout in order to yield a "blurring effect" of the TA boundaries, with the effect of smearing the TAUs over a larger area. For reducing paging congestion, TALs are assumed to be in place in form of lists of site-based TAs. For areas with risk of paging signaling congestion, new and overlapping TALs can be created inside the original ones. We will deal with both cases in this paper, with focus on TAU congestion due to massive mobility, assuming that paging will be a less critical issue in real-life deployments.
A major difficulty in optimizing TALs is to assess its performance in the planning stage. For conventional TAs, both the TAU and paging overhead can be effectively assessed, because the boundaries between TAs are sharp, and all UEs in the same location are consistent in whether or not TAU is required, which is indeed the cause of potential TAU congestion in case of massive mobility. In the literature (e.g., [27] ), handover and cell-load statistics of active UEs, that also represent accurately the behavior of the idle ones, are commonly used as input for optimal TA design. For TALs, UEs at the same location may in general hold different lists, and thus where TAUs will be made depend on the specific mobility pattern of each individual UE. This information is however not available. Thus, it is hard to calculate or estimate the performance of candidate TAL configurations in advance. One approach for circumventing the issue is to use mobility models [8, 16, 17] . However, the performance is highly sensitive to the validity of the assumptions made in the models.
Our optimization framework for overlapping TALs overcomes the uncertainty in modeling UE mobility, as no mobility model or detailed UE movement information is required. Yet, performance evaluation is straightforward because, by construction, all sites in the same area will assign TALs consistently based on their proportional usage. Computational results show that the optimization approach is highly promising for mitigating signaling congestion, and optimized overlapping TALs are able to perform significantly better than what ultimately is achievable by the conventional TA scheme.
The remainder of the paper is organized as follows. In Section 2 we review some works that are relevant to our study. Section 3 is devoted to basic notation and an illustrative example of the optimization approach. We detail the optimization formulations using the overlapping TAL scheme for congestion avoidance of TAU and paging in Sections 4 and 5, respectively.
In Section 6, we present results of performance evaluation of the proposed approach and compare it to the conventional TA scheme. Conclusions are provided in Section 7. 
Related Works
For surveys of performance engineering in location management, we refer to [5, 30] . Among the engineering tasks, planning and optimization of TAs (or LAs and RAs for previous generations of cellular networks) considering signaling overhead have been dealt with extensively. For models and algorithms of TA layout optimization and re-configuration, we refer to [6, 7, 9, 15, 27, 28] and the references therein. Another line of research is the design of unconventional location update and paging schemes, such as mobility-model based TAU and sequential paging, see, for example, [4, 21, 22, 29] . Signaling congestion avoidance and load balancing inside the location management system are investigated in [13, 23, 26, 31] . In [13] , randomized delay in cell re-selection of UEs is used to smooth out the signaling peak generated by massive mobility. In [31] , the authors present a queuing model for location updates by group mobility, and examine the performance of using an information buffer at base stations to reduce update failures. Distributed database solutions for location management are proposed in [23, 26] . The main contributions of [23, 26] are models and algorithms for load balancing among the database servers in location update. Most of the mechanisms of unconventional update and paging schemes however require the use of non-standard system elements and parameters.
Recently, there has been an increasing amount of attention on the development of using the concept of TALs for location management in LTE [14, 20, 24, 25, 32] in order to provide better flexibility over the conventional TA concept. In the conventional case, TAs are disjoint, and each cell is in exactly one TA. Two schemes have been considered for extending the TA 6 to lists of TAs. The first scheme is to allow a cell to simultaneously belong to multiple TAs (in form of a list), where each UE registered by the cell is assigned one of the TAs from the cell's list. In the second scheme, every cell belongs to only one TA, but a UE can be assigned a list of TAs, with the effect that TAU takes place only if the UE moves outside the union of the TAs in the assigned list. The assignment of TAL may differ by UE. Both schemes are mainly intended to tackle issues related to TAU, assuming that the problem of paging is less critical. The optimization framework in this paper can be adapted to both schemes. Merely for unifying the presentation and easing the comparison with the conventional TA concept, from now on and throughout the rest of the paper, we will adopt the latter scheme, that is, TAL is considered from a UE perspective.
TAL is promising for solving some issues imposed by the conventional TA scheme. For example, TAL can be used to prevent the frequent updates when a UE keeps hopping between two or more adjacent cells in different TAs (aka the ping-pong effect) [20] . Another example is the aforementioned train scenario associated with high uplink signaling traffic due to simultaneous updates of massive UEs crossing a TA boundary along a line [14, 18] . The current paper provides significant extensions of [18] in two aspects. First, the TAL optimization framework is generalized from a line scenario (modeling train movement) to arbitrary network topology. Second, we show how the optimization approach can be adapted to downlink signaling for reducing peak paging overhead.
TAL provides a high level of flexibility. In fact, if a UE's location and mobility pattern were completely known, then the network can tailor a UE-specific TAL that virtually eliminates tracking signaling for the UE. In reality, however, the exact UE's future trajectories are not available, and models and algorithms for TAL configuration at a more aggregate level are required.
Previous studies of using TAL for minimizing the overall signaling overhead, with the assumption that a cell gives one common TAL to all UEs getting updated in the cell, have been presented in [8, 16, 17] . TALs, in forms of rings of cells, are used in [8] . In [16, 17] , each cell has a cell-specific TAL to be assigned to all users registered or updated in the cell. To optimize the composition and use of TALs, one has to take into account the fact that, in general, UEs in the same location may hold different TALs, in contrast to the conventional TA case. This heterogeneity impacts on the signaling overhead. Clearly, imposing assumptions on UE behavior, ranging from simple rules of thumb to statistical mobility models of UE trajectory, constrains the applicability of TAL optimization. Nevertheless, previous works, in particular [16, 17] , show TAL is promising in extending the capability of the conventional TA concept.
Our application focus is signaling congestion mitigation. The TAL scheme proposed in the current paper allows a cell to have a collection of potentially overlapping TALs to be assigned to its UEs. The cells are fully consistent in the proportional use of the correlated TALs. As a result, signaling overhead estimation becomes straightforward, and no assumption of UE trajectories is required. Moreover, the TAL scheme we present is coherent with the LTE system architecture, and thus it is cost-efficient to implement.
System Model: Basic Elements
Denote by N = {1, . . . , N} the set of sites in an LTE network. In reallife networks, a site may consist of several cells. Splitting the cells of a site into different TAs is however not a common practice. Therefore, throughout the remainder of the paper, TA and TAL will be defined on the site level.
This does not impose any loss of generality, as our framework generalizes straightforwardly to the cell level. A TA design is a partitioning of the network into groups of sites. The design can be represented by an N × N symmetric and binary matrix S, in which the entry at row i and column j, 
TAs, as well as LAs and RAs in other cellular network types, do not overlap. As a result, the S-matrix has the transitive property, meaning that for any three sites i, j, and k, s ij = s jk = 1 implies s ik = 1.
Two types of input data, representing the UE location and mobility behavior for a given time period of interest, are used for performance evaluation of a TA design. Denote by u i the total number of UEs of site i, scaled by the time proportion that each UE spends in site i. For UE movement, denote by h ij the number of UEs having handover from site i to site j. Parameters u i and h ij can be effectively obtained by site load and handover statistics of active UEs [15] . It is very reasonable to assume that the behavior of idle UEs is close or identical to that of the active UEs, hence the cell load and handover on radio system specification [10] . We use parameter α to denote the call intensity factor (i.e., the probability that a UE has to be paged within the time period).
Denote by C U the total TAU signaling overhead for the given TA design S. UE movements between two sites i and j contribute to C U if and only if the two sites are in different TAs, leading to the following equation.
For paging a UE, a message is sent to all sites of the TA in which the UE is currently registered. Paging overhead is generated in each of the sites in the TA, except the site giving the positive response, i.e., the site where the UE is actually located. Thus, the overall paging overhead is given by (3), in which the total paging overhead generated by site i to other sites in the same TA is determined by the load of site i and the TA size. Note that inner sum is zero, if site i forms its own TA.
From Equations (2) and (3), it is seen that TA design has to deal with a trade-off between C Figure 1 .
We illustrate the trade-off and introduce the TAL scheme using a small example of three sites A, B, and C, see Figure 1 . Here, the term "site" shall not be interpreted in a restrictive sense, as the example is easily generalized to the case where the three elements A, B, and C in the figure are TAs, each containing multiple sites. With the conventional TA concept, there are in total five possible design solutions, as summarized in Table 1 . The table also display the corresponding TAU and paging overheads for these configurations, calculated according to Equations (2) and (3).
Consider the total TAU overhead (i.e., C U ). The value is either zero, or a sum taken over some pairs of sites (e.g., c by {A, B}, including those performing handover in the two directions, will depend on the UE mobility behavior. In this case, it becomes very hard to calculate the number of UEs holding {A, B} without imposing assumption on the mobility pattern. To tackle this difficulty, in our optimization framework, it is required that A and B apply the same proportional value for the TALs containing both A and B. This is generalized to any TAL, that is, all sites within a TAL are fully consistent in their proportional use of the TAL.
Denote by x a non-negative optimization variable representing the proportional usage of TAL by all sites (or, TAs in general) within list . The solution space of applying overlapping TALs to the three-elements network is given by the equations below. For convenience, we use the composition of as subscript, and skip any explicit set notation for TAL in the three equations.
Because the usage of any TAL is unified within the entire service area of 
TAL Optimization for Congestion Mitigation of TAU
In this section, we generalize the previous example and formalize the optimization approach for TAU congestion mitigation, e.g., the train scenario, by optimizing the TALs for a network region where massive TAU is of concern.
All sites in one TA will use the same collection of TALs, and they update their UEs with the same proportional use of each TAL. We consider a conventional TA design as the underlying structure. For the network region in question, denote the current TAs forming the region by set T = {1, . . . , T }.
Each TA v ∈ T is a set of sites. The TAs can be, for example, optimized for the overall TAU and paging overhead, that is, the corresponding S-matrix yields the minimum sum of (2) and (3).
We apply a min-max approach for congestion mitigation, that is, TALs are used to minimize the maximum TAU between all pairs of TAs. To this end, an upper bound on the increase of the total paging overhead is necessary, as otherwise the optimum would be to completely eliminate TAU by exclusively using the TAL containing all TAs (i.e., as if all sites form one TA). The bound is expressed as βC P , where C P is the total paging overhead of TA design T , and β is a non-negative parameter denoting the allowed percentage of increase. min z (7a)
The first constraint set (7b) assures that, within any TA, the proportional usage values of TALs containing the TA sum up to one. This is the generalization of (4) At the optimum of (7), the x-variables are typically fractional. As a result, some but not all of the UEs moving from one TA to another generate TAUs, in contrast to the original TA layout. In other words, the sharp boundaries between the TAs are "blurred" by the fractional use of TALs.
The number of variables in (7) is exponential in the number of TAs T .
However, in practice this is not problematic for two reasons. First, the region with high risk of excessive TAU is typically confined to a part of the network.
Second, as (7) is an LP, it can be solved efficiently even for a large number of variables.
The LP formulation (7) applies to TAs of general topology. For the train scenario, the formulation takes a simpler structure, as the TAs involved in the scenario form a line. UE movement occurs only between consecutive TAs along the line. Thus, the TALs contain blocks of consecutive sites, and the formulation's size becomes polynomial in the number of TAs, see Figure 2 .
As numbering the TAs follows naturally their positions along the line, for convenience, we use the position indices to refer to TAs. Hence, TA i is the ith TA on the line, without the calligraphic style in the notation that has hitherto been used for sets. Each TAL is uniquely identified by its starting and ending TAs, therefore the variable definition is simplified to x ij for the TAL containing i, j and all the TAs between them. The corresponding LP formulation is given below.
Constraints (8b)-(8d) are respectively obtained by adapting (7b)-(7d).
For the train scenario, it is sufficient to account for UE movements between adjacent TAs on the line, as can be seen in (8c). In (8d), paging is considered for all TA pairs of a line segment, and further over all the segments.
Apart from the non-negativity requirement, the numbers of variables and constraints in (7a) are of O(T
2
) and O(T ), respectively. Thus, the optimization approach has very low complexity in the train scenario.
Consider two consecutive TAs, i and i + 1. It is easily verified that there are a total of i(T −i+1) TALs containing i, and, among them, i TALs do not contain i + 1. Thus, the amount of TAU generated by UE movement from i to i + 1 depends on the proportional usage levels of the i TALs. Typically, the values are strictly between zero and one at optimum, thus not all of the UEs inside the train will perform TAU at a TA boundary, giving the desired effect of TAU congestion mitigation.
TAL Optimization for Congestion Mitigation of Paging
The min-max optimization approach is not limited to congestion mitigation of TAU. It is easily adapted to reducing the risk of signaling congestion in paging that may become of concern for scenarios where massive UEs are populated densely in some area with little mobility. The paging overhead in this area becomes considerably higher than that in the rest of the network.
To reduce the paging overhead, some type of area splitting needs to take place. However, if the area would be in one common TA, such a split would not be possible without reconfiguring the TAs into smaller ones. For clarity in our discussion, we assume that every single site is a TA in the current configuration. The assumption does not impose excessive TAU, because the effect of "TA" of any size equivalently can be achieved by using a TAL containing the corresponding single-site TAs [8, 17] . Thus, in this section, it is 
The first set of constraints are identical to that of (7). Constraints (9c) define, together with the objective, the maximum paging. For each singlesite TA w, the left-hand side of (9c) represents the total amount of overhead generated to w because of paging UEs located in TAs other than w, due to the use of TALs with multiple sites. The next constraint set is the aggregated form of (7c) to represent the total TAU, bounded by the limit value in the right-hand side.
The limit value in (9) and parameter β in (7) are not necessarily considered constants prior to running TAL optimization. In fact, the LP can be solved repeatedly for a range of limit values. Doing so generates a set of candidate solutions representing various levels of the trade-off between congestion reduction of TAU and the price of more paging, and vice versa (cf.
Pareto optimization).
In previous studies of applying TALs, e.g., [8, 16] , the performance comparison relies heavily on the assumptions made on UE mobility and other network parameters, because in general, UEs that are initially registered to the same TAL by a site will spread out within the area defined by TAL. After some time duration, the proportion of UEs belonging to the TAL will become heterogeneous over the area, as a result of each UE's individual movement.
Note that the amount of TAU and paging generated by a UE are both dependent on the content of its TAL. Therefore, unless a very accurate mobility model is available (which is hardly the case in many scenarios), the practical performance of TAL may deviate significantly from the estimated one.
In our overlapping TAL scheme, the construction of the LPs ensures the same proportional use of each TAL by all sites within the TAL. Therefore, statistically the proportion of UEs of each TAL remains homogeneous with the TAL's area, meaning that the performance is insensitive to individual UE movement. Provided that the location distribution and mobility pattern of idle UEs are similar to those of active UEs, which is a well-accepted assumption, the performance of the overlapping TAL scheme is conveniently assessed. This makes the performance comparison both simple and unbiased, and its validity is not impacted by mobility models.
Performance Evaluation
In this section we present results of performance evaluation of the proposed TAL optimization framework. In Section 6.1, we provide performance evaluation of TAU congestion mitigation for a train scenario. Next, the re-sults of reducing TAU as well as paging congestion for a general network topology are reported in Section 6.2.
In the performance evaluation, the overhead of a single TAU, c ). This optimum TA layout is computed using the integer programming formulation in [27] and software CPLEX [11] .
Whereas comparing the performance of the proposed TAL scheme with the underlying TA design gives insights, it is somewhat biased to the favor of the former, because the latter is not optimized for signaling congestion but for the overall signaling overhead. For this reason, the performance comparison is conduced between overlapping TALs and a re-optimization of TA layout for the objective metrics of this paper, that is, the TAs can be merged for the objective function (7a) or split for the objective function (9a). This gives an unbiased assessment of optimized overlapping TALs.
The trade-off between the signaling overhead of TAU and paging has to be dealt with in both the conventional TA scheme and the proposed overlapping TAL scheme. For the latter scheme, reducing TAU congestion by using overlapping TALs results in overall higher paging in comparison to the baseline TA design, and vice versa. This aspect is reflected by the limit parameters in (7), (8), and (9). For the limit parameter β in (7) and (8), the minimum possible value is zero. In this case, no additional paging is permit-ted, and consequently the only feasible solution is to reuse the baseline TA design. That is, the conventional TA scheme and overlapping TAL scheme coincide. When β increases, the concern of paging overhead is diminishing, and both schemes will eventually coincide again, giving the same solution with one single TA (or TAL) containing all sites with zero TAU overhead.
At this point, constraint (7d) is void, and increasing β further clearly has no effect. A similar observation applies to the TAU limit in (9) . Namely, the two schemes coincide when the limit is zero for which the baseline TA design is kept, or when the limit is very large such that the optimum for both is to split TAs maximally with zero paging (but completely sacrifices TAU). Thus, for each of the limit parameters, there is a maximum value of significance.
In our performance evaluation, for each limit parameter we first find its maximum value of significance, using bi-section search for the given planning scenario. Then, within the range of significance, we conduct computations for 500 equally-spaced values of the limit parameter, in order to give a comprehensive performance picture. The results represent, in fact, a large number of possible options for the trade-off between TAU and paging, both for the conventional TA scheme and for the overlapping TAL scheme, allowing the network operator to select the solution to implement, based on the operator's preference.
Results for a Train Scenario
To evaluate the performance of the proposed overlapping TAL scheme for the train scenario, a railway path with five TAs {A, B, C, D, E} of 150 km in length is considered (see Figure 3) . Each TA contains five sites. The configuration is the optimum conventional TA design with minimum total In the train scenario (Figure 3 ), a train moves from A to E having 600 passengers on-board. One example can be TGV Eurostar train which can move at a speed up to 300 km/h and may carry up to 784 passengers [14] .
After a main station in C, the number of on-board passengers is reduced to 400. We assume that all passengers inside the train hold cell phones belonging to the same operator. It takes about half an hour for the train to pass the whole path (ignoring the time spent at the main station).
We aggregate the load and handover data resulted from the train movement and add them to the baseline scenario. All the UEs in the train passing each TA boundary add to the corresponding handover. The load is increased accordingly, taking into account the proportion of time the train is spent in each TA. For example, the train spends about 6 minutes in A, therefore the load of A is increased by 600 × 1 10 = 60, due to the fact that the handover and load data should be specified for one hour period of time.
We apply LP formulation (8) to the train scenario for β ∈ [0, 0.8], which is the range of significance for the scenario. Next, for the same range of β, we re-design the TAs by minimizing the maximum TAU using objective It is observable that the conventional TA scheme is changed in four discrete steps. The behavior of the overlapping TAL scheme is smooth, as the proportional use of each TAL can be continuously changed. Taking β = 0.2 as an example, with the conventional TA scheme the maximum TAU is reduced by 1.45% only, while the overlapping TAL scheme reduces the maximum TAU by 62.3%. This case study demonstrates the benefit of the overlapping TAL scheme in mitigating TAU due to massive mobility in the train scenario. Figure 6 and Table 2 . In addition to signaling overhead, the table contains information of the computing time.
As was explained in the case of train scenario, the performance curves coincide at the two ends. One immediately observes that the curve of the overlapping TAL scheme is smooth, whereas that of the conventional TA scheme has a stepwise shape. For the latter, the TAs may not overlap due to the binary and transitive properties of the S matrix (Section 3). As a result, the only possibility of reducing the maximum TAU is by merging
TAs. This inherent limitation of the conventional TA scheme leads to the stepwise shape. Overlapping TALs, in contrast, can achieve "partial merge"
of TAs, by solving the optimization formulation (7), yielding a smooth curve that significantly outperforms the conventional TA scheme.
For example, if the overall paging overhead is allowed to increase by 10%, re-optimizing TAs by the conventional TA scheme reduces the peak TAU between TAs from C U max = 5996 to slightly above 4109. Using optimized overlapping TALs, the peak is pushed down to 537, see Table 2 . This is only one seventh of the maximum TAU resulted from the conventional TA scheme. Thus TAU signaling congestion can be effectively handled by the proposed TAL scheme with little price paid for a higher amount of paging.
Examining the computing time in Table 2 , one immediately observes that solving (7) for TAU mitigation runs very fast, and the computing time is not sensitive at all to the limit value. In fact, the overlapping TAL scheme runs several times faster than the conventional TA scheme. In conclusion, the former has superior performance both in TAU mitigation and the computational burden. give the same level of peak TAU (approximately 2400) for selected solutions, although the former has considerably higher paging. As the last part of our performance evaluation, we apply the overlapping TAL scheme for mitigating paging congestion, using Figure 5 (b) as the base layout. In this case, the TAs are assumed to be single-sited, and the grouping in Figure 5 (b) is implemented by means of non-overlapping TALs (see Section 5). Overlapping TALs are then created and optimized by formulation (9) to achieve partial split within each TA group. The TA groups are also reoptimized following the conventional principle of TA design; this corresponds to finding the optimal split (with sharp boundaries) for objective function (9a). The performance comparison is given in Figure 8 and Table 3 . The maximum decreases gradually in respect of γ, and reaches zero (i.e., full split) when γ ≥ 6.3. Note that in Table 3 , γ is limited to 2.0, because the maximum paging in the overlapping TAL scheme is virtually zero beyond this point.
In comparison to Figure 6 , the performance curve of the conventional TA scheme in Figure 8 is much smoother. This is because splitting a TA group can be done with a much better granularity (e.g., one site at a time) than merging TAs. Nevertheless, the performance is evidently inferior to that of adopting overlapping TALs, as can be seen from Figure 8 and Table 3 . The overlapping TAL scheme is able to reduce the maximum paging much more steeply in comparison to conventional split of TA groups. For example, the former virtually eliminates paging, if the TAU is allowed to be doubled (i.e., γ = 2.0), whereas in the latter case the maximum paging is still above one third of the baseline value, as shown in Table 3 . Moreover, the magnitude of the performance difference grows in γ for the range considered in the table. As another comparison, recall that the average site paging of the baseline design is approximately 310 (that is, C P divided by the number of sites), and suppose we would like to bring the maximum paging level down to this value, for which the two markers in the figure show the performance of the two schemes. Using the conventional TA scheme (or equivalently nonoverlapping TALs), the TAU overhead has to be doubled. With optimized overlapping TALs, the effect is achieved with merely a 13% increase in TAU.
Thus overlapping TALs provide an effective means of splitting hotspots for avoiding paging congestion.
In Table 3 , the computing time used by the overlapping TAL scheme is up to 30 minutes. The major part of the time is attributed to the largest TA group with 16 sites, see Figure 5 use, it remains reasonable in a planning stage, because typically a hotspot of massive and close-to-static UEs can be predicted in advance. We observe also that time values for the overlapping TAL scheme and the conventional TA scheme are comparable in magnitude, and the former scheme runs faster for all except one of the cases in the table.
Conclusions
We have proposed a scheme using overlapping tracking area lists (TALs) and a min-max optimization approach for the purpose of mitigating signaling congestion for location management in LTE networks. The optimization task An interesting line of extension of the current work is dynamic configuration of overlapping TALs. By monitoring TAU and paging statistics and adapting the proportional use of TALs accordingly, the proposed TAL scheme can be extended to form an automated process in location management within the paradigm of self-optimization networks. This topic will be addressed in our forthcoming research.
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